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Nanoelectrode device for chemical analysis 

BACKGROUND OF THE INVENTION 
5 Detection, Identification and quantification of proteins and other complex macromolecules is 

critiral In manw fioMe ««iJ*hln tho .1 >i — i 

.- . ^ . — -..wnitwMi, Micuiviai diiu (jiiaiiiiciutsuuuai inausifies and 

sciences, as well as food manufacturing. For example, diagnostic assays may include the 
quantification of specific protein(s). DMA or other macromolecules in a biological sample. 
Other uses include the Identlflcatlon and quantification of specific pathogens In biological or 

1 0 environmental samples, as well as in vitro detenninatlon of macromoleciiiar composition in 
samples of various nature, both liquid and gaseous. The latter application is partlojlarly 
useful in the food industry, but is increasingly being utilized in other fields, including medicine. 
Thus, it is well known that certain animals are capable of sensing minute changes in odour, 
leading to a specific physiological response (e.g., fear conditioning). Furthermore, it is 

1 5 believed that odour changes may accompany certain physiological changes, such as 
malignant cell growth. These changes In odour are believed to be due to increased 
production of specific organic and/or biological molecules, resulting in an increased interejst in 
methods of their detection, both in vivo and In vitro. 



20 Qualitath/e and quantitetive assays of individual macromolecules are currently complex and 
generally require sophisticated and bulky equipment Currently common techniques that are 
used for detection of macromolecules such as proteins and nucleic acids include 
spectrophotometric assays, immunoassays, enzymatic assays, liquid chromatography (LC). 
mass spectroscopy (MS), electrophoresis, micro array techniques, and varfous combinations 

25 of these methods. 

Other recent techniques for macromolecuie analysis include high density DNA chips such as 
built by Aflymetrix as originally described In PCT International Publfcation No. WO 90/1 5070. 

30 U.S. Pat No. 5,624,537. entitled "BIOSENSOR AND INTERFACE MEMBRANE", describes a 
protein-receiving matrix and a single electrode. 

U.S. Pat No. 5.395.587, entitled "SURFACE PLASMON RESONANCE DETECTOR HAVING 
COLLECTOR FOR ELUTED LIGATE'. describes a system to measure immobilized iigands 
35 using a piasmon resonance detector. 

U.S. Pat No. 5,328,847 entifled THIN MEMBRANE SENSOR WITH BIOCHEMICAL 
SWITCH", describes a btosensor vi«h a specific recognition for biomoiecules. 
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U.S. Pat No. 4,777.019 entitled "BIOSENSOl^". describes a btosensor for biotogical 



monomers. 
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U.S. Pat No. 5,532. 1 28. entitled "MULTI-SITE DETECTION APPARATUS", describes test 
wells combined with electrodes to detect given biological molecules. 

5 

U.S. Pat. No. 5.384.028 entitlari "Rin.^PN<Qnp \a/itu a rata a«i=a<Amxm ... . . 

— — • • • • .■••-iiuvrfi \ 1 , uBauiuBs a 

membrane biosensor with a memory module. 

U.S. Pat. No. 4.981.572 entitled "ELECTRODE UNIT AND PACKAGE FOR A BLOOD 
1 0 ANALYZER", describes an electrode and apparatus to analyze blood. 

U.S. Pat. No. 4.908,112 entitled "SILICON SEMICONDUCTOR WAFER FOR ANALYZING 
MICRONIC BIOLOGICAL SAMPLES", describes a micro capillary separation device with 
detector capabilities. 
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U.S. Pat No. 5,409.583 entitied "METHOD FOR MEASURING CONCENTRATIONS OF 
SUBSTRATES IN A SAMPLE LIQUID BY USING A BIOSENSOR", describes a two step 
biosensor. 

20 US Pat No. 6, 123.819 entitled NANOELECTRODE ARRAYS, describes an array of 

nanoelectnodes extending from a principal surface and having a varied spatial distribution, 
height, width and electrochemical composition to provide specific electronic receptors. 

In general, the above described technologies are used for the detection of a single type or a 
25 few different types of molecules. The techniques have different advantages and 
disadvantages, and there still exists a need for general broad-based methods for the 
detection of macromolecules ttiat do not require spedfic substances or substrates for a 
specific type of macromolecule to be assessed, and tiiat allow forhigh-tfiroughput analysis of 
samples witii low-cost non-spadous equipment 

30 



SUMMARY OF THE INVENTION 



The Invention is based on Oie feature of most molecules tiiat they contain an elecfrostaOc 
35 suriace ttiat may be approximated by a set of distilbuted dij^oles. These dipoies are 
characteriMd by flie charge distribution of flie molecule in question. 
The main aspect of flie Invention Is a device constructed using ttiln film nanotechniques. The 
device comprises a surface of tunable nano-elecbodes which provide a molecule-speciflc 
sensor, tiie affinity of which can be readily altered to bind different molecules. In a preferred 
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embodiment, the sensor surfoce is homogeneous in one dimension and can specifically bind 
or repel many identical molecules simultaneously. 

The surface has a plurality of locally substantially parallel electrodes along the binding 
surface, each of said electrodes being connected to a tunable EMF source, such that a 
5 specific electrostatic profile perpendicular to said electrodes can be created, extending along 
the electrodes, providing a continuous binding surface for molecules in contact with the 
• binding area. The electromagnetic field may be time-dependent, so as to optimize binding of 
specific molecules to the binding surface. 

10 The conductance between the electrodes is proportional to the number of molecules bound 
and is therefore a quantitative measure of the concentration of the specific macromolecule in 
the sample being analyzed. If the macromolecule being measured has a low or vanishing 
conductance the sample may be in^dlated with light in such a way that a photocunrent is 
produced between the detection electrodes. The photocurrent is proportional to the number of 

15 bound molecules and is thereby a quantitative measure of the concentration In the sample. 

in principle, any given electrode of the device of the invention can be configured as a 
detection electrode. The nature of any given embodiment will determine which configuration 
is appropriate. 

20 

The device can be configured for various applications, e.g. identification, isolation, 
quantitative determination and chromatography of molecules, as well as catalysis of chemical 
reactions. The device can in principle be adapted to any molecule which has characteristic 
multipole moment, but the device is preferably used for macromolecules, which are well 

25 l<nown to contain such molecule-specific multipole moments. In this context, a 

macromolecule is considered as a molecule, organic or inorganic, comprising In excess of 
about 1 00 atoms, in the description of preferred embodiments of ttie invention tiiat follows, 
specific reference to macromolecules will be made. It should however be emphasized that 
tile invention may be adapted for the analysis of virtually any molecular species, as will be 

30 appreciated from tiie description that follows. The device is particularly useful for polypeptides 
and proteins that depending on their amino acid composition and three-dimensional structure 
may have a quite specific spatial elecbiostatic configuration. The device can also be 
configured for the analysis of any liquid or gaseous sample. Furtiiermore, the device is not 
limited by the composition of the sample; any sample containing a heterogeneous population 

35 of molecules may be analyzed. • 

It is contemplated that \he device may also be configured for reversed operation In which the 
ATP and ADP energy cycle is used to exfanact current witii help of the electrodes. 



4 



The invention provides in a first aspect a device with tunable affinity for molecules, 
comprising: a substrate with a surface; a plurality of locally substantially parallel electrodes 
along said surface, wherein adjacent electrodes are separated by a distance in the range of 
about 0.1 nm to about 10 nm, such as in tiie range of about 0.2 nm to about 8 nm, and 
5 preferably in the range of about 0.3 nm to about 5 nm, including the range of about 0.5 to 
aDout iJ nm, such as e.g. about .05 nm or about i nm; each of said electrodes being 
connected to a tunable EMF source, such that a specific electrostatic environment 
perpendicular to said electrodes is created, extending along tiie electrodes, and providing a 
continuous binding area for molecules In contact witti the binding area; by tuning the . 
10 independentiy tunable EMF sources a specific affinity or repulsion is obtainable for molecules 
wttii specific electrostatic properties. 

The electrodes may be each connected independently to a tunable EMF source, Or one or 
more of the electrodes can be connected jointiy to tiie same EMF source. 

15 

In a useful embodiment the surface is formed perpendicular along the growtti direction of 
alternately grown layers of insulating and conducting material, such as described in the 
Examples herein. 

20 In one embodiment said surface is fomned by an array of canisters penetrating at least one 
layer of alternating Insulating and conducting material, in which the inner surface of said 
canisters fomns said surfece. Such canisters are generally circislar in shape but may in 
principle have any given shape, e.g. oval, rectangular, etc. 

25 In preferred embodiments the device has a tunable affinity for macromolecules, in particular a 
macromolecule selected from polypeptides, proteins, and nucleic acids including ONA and 
RNA. However, the device may also be configured to provide affinity for other molecules, 
including carbohydrates, lipids, as well as other organic molecules. 

30 In a furttier aspect, the invention sets fbrith a metiiod of isolating molecules based on their 
electrostatic properties. The metiiod comprises providing a substrate having a plurality of 
locally substantially parallel elecbx^des, each electrode being independentiy connected to a 
tunable EMF source; tuning said electrodes to individually selected potentials, thereby 
creating a specific electrostatic profile across tiie electrodes to generate a moleculfe-specific 

35 surface; contacting a medium comprising molecules with the substrate to allow binding of 
specific molecules having an affinity to said surface; separating tiie medium from the 
substrate so as to separate the molecules bound to the substrate from non-binding molecules 
In the medium; isolating said specific molecules by adjusting said EMF source to release by 
repulsion or by othpr means said molecules into a receiving medium brought in contact with 

40 the substrate. 
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In one embodiment the method further comprises the step of repeatedly releasing specifically 
bound molecules from said substrate into a receiving medium and subsequently bringing said 
substrate In contact with the medium containing molecules, so as to effectively remove 
6 spedfc molecules from the medium. 

The method comprises in a useful embodiment the step of detecting said binding molecules 
by observing the change in current through one or more of said electrodes. 

1 0 Additionally, quantitative assessment for said binding molecules can be ot)tained, by 

comparing the cunrent necessary to maintain the electrostatic, configuration of the surface to 
the corresponding current obtained using samples with known concentration of molecules 
Identical to said binding molecules. 

15 One particular embodiment comprises the step of detecting said binding molecules by 

Inadlating the molecule with light and measure the conductivity of said molecules. For this 
purpose any convenient light source emitting a light with.a wavelength affecting the 
conductance of the molecule bound to the surface may be applied. Such method may suitably 
comprise the step of measuring the conductivity of said binding molecules as a function of 

20 frequency of the light (using a broadband or tunable source of light), thus generating a photo- 
conductance curve of said molecule. 

Further, quantitative determination of said binding molecules may be obtained, by mapping 
photo-conductance curves for macromolecular species present in the sample to photo- 

25 conductance curves of samples of known concentration , 

One embodiment comprises the step of detecting said binding molecules by inradlating the 
molecule with pulsed light and measuring the hopping conductance of said molecules. 
In such embodiment quantitative detennination may be obtained by comparing the hopping 
conductance for the bound molecules to fl^e hopping conductance of said molecules in a 

30 sample with known concentration of said molecules. 

In anotiier aspect of tiie invention a method of catalyzing chemical reactions between 
molecules is provided, comprising providing a substrate having a plurality of locally 
substantially parallel electrodes, each electrode independentiy connected to a tunable EMF 
35 source; tuning said electrodes to individually selected potentials.. thereby creating a specific 
electrostatic profile across Uie electirodes to generate a molecule-specific surface; contacting 
a medium comprising molecules witii the substrate to allow binding of molecules specific for 
tiie chemical reaction and having an affinity to said surface; release of said molecules by 
adjustment of said EMF source into close spacial proximity of said surface; whereby a 
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chemical reaction between said molecules is accelerated by tlie increase in local 
concentration of said molecules. 

The EMF in substantially parallel electrodes may be suitably adjusted in an adjacent fashion, 
5 so as to generate adjacent specific binding sites for molecules specific for the chemical 
reaction. 

In yet a further aspect, a method of separating molecules is provided, comprising: 
providing a substrate having a plurality of locally substantially parallel electrodes, each 
10 electrode being independently connected to a tunable EMF source; tuning said electrodes so 
as to generate a non-specifio electrostatic profile across the electrodes, thus generating a ' 
non-specific macromolecular surface; placement of a micro<;hannel along said surface; 
allowing a medium comprising molecules to pass through the micro-channel, thereby allowing 
separation of molecules according to their dipole moment 

15 

In one embodiment of the method, the tunable EMF is applied in a cyclic manner so as to 
generate a time-dependent non-specific macromolecular surface, thus allowing reversible 
non-specific binding to the surface 

20 Detection of said said molecules can be achieved by applying a detection technique along 
said micro-channel distal to said sur^ce, said technique may be suitably selected from the 
group consisting of UV spectrophotometry, circular dichroism, fluorescence 
spectrophotometry, mass spectrometry, chemical potential, radioactivity. 

25 The methods of the inventioh are particularly useful for macromolecules including 

polypeptides, proteins and nucleic acids including DMA, and RNA, as well as for other 
molecules including those mentioned above. 

Another aspect of the invention provides a method of producing a device according to the 
30 invention, the method comprising growing a superlattice structure of alternate layers of 

electrically insulating and conducting materials; cleaving or polishing the superiattice structure 
to obtain a surface essentially perpendicular to the growth direction of the superlattice 
structure; connecting two or more of flie conducting layers Individually to tunable EMF 
sources, to obtain substantially parallel electrodes extending along said surface, which 
35 electrodes are individually or collectively tunable to a desired potential. 

The insulating layers generally have a thickness in the range of about 0.10nm-10 jim, such as 
. in the range of about 0.10nm-1 pm, including about 1-100 nm.but may in particular 
embodiments may be even thicker; the conducting layers will similarly typically have a 



thickness in the range of about 0.10nm-10 ^m, such as of about 0.50nm-lMm, Including the 
range of about 1-100 nm, such as e.g. in the range of about 1-50 nm. 

In a useful embodiment the method further comprises the step of forming an array of 
canisters such as those described above penetrating at least one of said alternate layers of 
electrically insulating and conducting material. 



BRIEF DESCRIPTION OF THE DRAWINGS 

10. 

Figure 1 represents a surfece comprised of altemating Insulating (1) and conducting (2) 
layers. The electrochemical potential of the elecrodes (4) is adjusted by applying a voltage 
via nanowires (3) to the electrodes. Macromolecules (5) with a specific multipple moment are 
attracted by electromagnetic forces (6) to the specific dipole generated by the electrodes. 

•15 

Figure 2 illustrates an embodiment of the device, wherein N substantially parallel electrodes 
(4), comprised of alternating layers of conducting (1) and insulating (2) material, generate 
dipoles which may be adjusted so as to optimize binding of a specific macromolecule (5). 

20 Figure 3 Illustrates how macromolecuie^pecific binding sites (5) are generated perpendicular 
to the growth-direction of alternating insulating and conducting layers (8), which are in the • 
form of a super-lattice (7). 

Figure 4 Illustrates various embodiments for the detection of macromolecules. In (a), a 
25 constant potential V(t) (9) generates a dipole which attracts the macromolecule (5), resulting 
In current flowing between the electrodes. In the embodiment Illustrated by (b), the 
conductance R(t) is measured across the electrodes to detect the macromolecule. 
* Embodiment (c) comprises light (1 1 ) from a light source, that generates a conductance in the 
bound macromolecule (photo-conductance), which can be measured across the electrodes. 
30 Altemativeiyi the light source can be set to generate pulsed light with specific temporal 
characteristics, which leads to generation of hopping conductance in the macromolecule, 
. which In turn can be measured across the elecrodes. 

Figure 5 illustrates an embodiment, wherein specific binding of macromolecules (5) is 
35 achieved by forming canisters, e.g. by laser ablation, through at least one layer of the 

altemating insulating and conducting layers of the superiattice (7), the binding surface being 
realized on the inside surface of the canisters. 

Figure 6 illustrates one possible chromatographic embodiment, in which microchannels (13) 
40 cross multiple, serially connected supertattices with alternating layers (12) of insulating (1) 



and conducting (2) nriaterial. A macromolecular sample enters through an inlet (14), 
separation of macromolecules according to their dipoles occurs >Arithin the device and the 
sample subsequently exits at the outlet (15) of the device. 

5 Figure 7 illustrates a second possible chromatographic embodiment, in which substantially 
paraiiei microchanneis (20) are formed within one unit of aitemating conaucting and insulating 
layers (8) of the superlattice (7). In this embodiment a sample containing macromolecules 
(5) enters through an inlet (16), goes through the microchannel and exits at the outlet (19). 
Optionally, electrodes (17) may be placed perpendicular to the alternating layer (8); the 
1 0 purpose of these electrodes is to reduce laminar flow within the microchannel. 



PRINCIPLE OF THE DEVICE 

1 5 The object of the device is to selectively bind and detect a single molecule or a group of 
molecules from a mixture of molecules, preferably macromolecules such as In particular 
proteins, where the specific binding and detecHon can be readily tuned and altered to fit a 
selected molecule or group of molecules. The device is based on the characteristics of most 
molecules that they contain a characteristic multipole moment that incldentelly may be 

20 approximated by a set of distributed dipoles. If the molecule or molecules of interest do not 
contain a characteristic dipole moment, such a dipole moment may be induced by applying a 
sultebie electrical field. Thus, the device can be adapted so that it may be used in the 
analysis of virtually any molecular species. 

25 The device is constructed by a set of spatially distributed electrodes, see Figure 1 . The 

electrochemical potential of the electrodes can be tuned individually or in groups, sea Figures 
1 and 2. The potential of the electrodes may also be time-dependent, so as to optimize 
binding to macromolecules of Interest The added time-dimension also confers an increased 
resolution of tiie device. 

30 

The electrodes can be tuned such that they collectively do not result In any charge 
accumulation. Thus, the resulting field can be described with a set of spatially distributed 
dipoles, i.e. the electrodes can be viewed as a spatially fixed set of tunable dipoles. The 
strength and polarization of ttie dipoles is tunable in botii time and space as illustrated in 
35 Figure 2. 



Each particular macromolecule has a unique electirostetic profile. The elecfax>static profile can 
be approximated with a set of spatially distributed electirostetic dipoles. The dipoles of the 
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macromolecule interact with the trap by weak short-range Van der Waal forces or dipole-* 
dipole interaction. 

For a given spatial configuration of the dipoles In the trap there exists a configuration of their 
5 strength and polarization such that the binding energy E b to any given macromolecule is 
maximized. 

At a specific temperature T measured in degriees of Kelvin (K) the macromolecule will be 
trapped If the maximal binding energy is sufficiently larger than the thermal energy Et= kaT, 
10 where ka = 1.381x10'^ K*J is the Boltzmann constant. The temperature Tof the device 
may be adjusted, both locally, i.e. within a certain area of the device, or globally, i.e. aff^ting 
the entire device. This adds an additional variable which may be used to optimize the 
conditions for any particular embodiment of the device. 

1 5 Spatial configurations of electrodes that are such that only one or a few electrodes are 
contained within the area occupied by a typical macromolecule will possibly at the dipole 
configuration of maximal binding for a specific macromolecule, the target macromolecule, trap 
a large group of different macromolecules. This binding is not desirable and is due to non- 
specific binding of macromolecules to the trap. However, as the density of electrodes In the 

20 configuration is increased the degree of non-specific binding is expected to decrease until 
only the target macromolecule becomes trapped. Thus, the device may be configured in a 
manner suitable for any particular macromolecule or a group of macromolecules. 

In any sample containing macromolecules, such as proteins in a blood plasma sample, there 
25 Is a finite number of distinct molecules. Then a finite number of electrodes will be able to 

selectively trap any of the molecules In the sample. In a preferred embodiment the number of 
electrodes used is minimized with the constraint of iceeping tiie spatial configuration simple, in 
this way tiie objective witii the trap is preferentially obtained, 

30 Repeating the pattern of the spatial configuration and linking the appropriate electrodes 
allows for trapping of many Identical macromolepules simultaneously. This is most readily 
accomplished by doing so periodically in space In one or more dimensions, see Figures 2 and 
3. In particular, by extending the electrodes in one direction, rails are formed onto which tiie 
proteins can bind. Such rails would typically be in the range of about 0.1-10 cm in length, 

35 such-as on tiie order of about 1 cm and tiiereby be able to trap a large number of 

macromolecules simultaneously, since for example proteins typically range in sizes from 
about 50 nm to a few hundred nanometers in diameter. The insulating and conducting layers 
will typically have a Oiickness in the range of about 0.1 nm to about Ifim. The particular 
dimensions of any given embodiment wilt be' highly dependent on tiie specific configuration of 

40 . the device. 
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When a macromolecule is trapped in the single macromolecular trap. Figure 1 . it will be able 
to short-circuit the electrodes. Keeping the potentials constant a current will flow between the 
electrodes. The presence of the current indicates that a macromolecule is present in the trap. 

5 Any given electrode within the trap may configured so as to serve as a detection electrode. 
Therefore; the trap Is adjustable so that optimal oonfioiiratton fhr anw niwn eamrsi* ... 

- « W IIIMJ^ WV* 

obtained. 

If the macromolecule, in particular a protein, has poor conductance, irradiating the molecule 
10 with light at a specific frequency that opens up conductance channels can enhance the 

conductance. This is termed photo-conductance. The photo-conductance roughly reflects the 
density of states as a function of energy in the molecule. 
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The photo-conductance as a ftinctlon of flrequency of the light provides a fingerprint of the 
macromolecule in the trap. The fingerprint can .be used to detemiine the Identity of the 
dlflierent macromolecules present in the trap In cases whero .the trap^nfiguration is such that 
several different macromolecules adhere to the trap. 

Consider the multiple trap configuration, Figure 2 and 3. Macromolecules that are trapped In 
0 this configuration short the electrodes and a current will run through the molecules as the • 
constant potentials are maintained. The current running between the electrodes is 
proportional to the number of mol6cules that adhere to the trap. The current can therefore be 
used as a quantitative measure of the macromolecular concentration in the sample being • 
measured. 



The photo-conductance as a function of finequency contains information about the 
macromolecules attached to flie trap. If several kinds of macromolecules adhere 
simuitaneousty to the trap, the photo-conductance is used to determine which 
macromolecules and in what amount they are stuck in the trap. This Is achieved by fitting ttie 
overall photo-conductance with a linear combination of the photo-conductance of tfie 
Individual macromolecular species expected to be present in the sample. This requires tiiat 
the photOKX)nductance of tiie Individual macromolecules be known for Oie specific trap 
configuration. 



PREFERRED EMBODIMENT OF THE DEVICE 



Thin film sputtering techniques enable production of the trap in a continuous configuration. 
Modem sputtering techniques allow for controlled growth of conducting element layers or 

Insulating layers with monolayer resolution. Thn materials hcoh >» *u . 

Insulating layers may be any organic or Inorganic material which has the characteristics 
required of the layers for any given embodiment of the trap. Thus the conducUng layer will 
typically be comprised of a metal or a semi-condurtor. and may In particular be comprised of 
metals such as silver, platinum, gold, aluminum, copper, molybdenum, platinum, Iron, or 
nickel, whfle the insulating layer will typically be comprised of an Insulator or non-doped 
semiconductor, and may in particular be comprised of compounds such as magnesium oxide, 
snica oxide, aluminum oxide, carbides or nitrites. Typical thickness of the monolayers will be 
In the 0.10-0.20nm range. 

The trap Is realized by growing a super-lattice of aHerhating layer? of conductor and insulator 
materials. The conducting layers should prsferably be as thin as possible. In practice a 
thiclmess In the range of about 1-10 monolayers, preferably 2-3 monolayers, is Ideal. The 
crystal constant of the Insulator and the conductor will typically not match. The substrate, " 
which is composed of ttie insulating component, cam'es the governing crystal constant By 
sputtering only very thin layers of the conductor, its crystal constant will adapt to ttie 
underiying substrate. The insulating layers of the super lattice have to be sufficiently thicl< 
such ttiat chosen potential differences between conducting layers can be readily maintained 
without lange power consumption. Tunneling currents can be significant through a few 
monolayers of Insulator, but problems from those are manageable liom a tfiiclaiess in the 
range of about 3-5 monolayere. Thus the period of the super lattice can In principle be in the 
range of about 4-16 monolayere. but preferably can start at 5-8 monolayere. Electrodes or 
conducting layers designed to be a part of tiie conductance through proteins or other 
macromolecules may need to be furttier separated from adjacent conducting layere. 

When the super lattice has been grqwn it is cleaved or polished down such ttiat a surface 
perpendicular to Oie growUi direction . of the super lattice is revealed. On that surface tiie 
conducting layere form a pattern of parallel lines or rails. The rails are tiie eiecti-odes tiiat form 
tiie trap in tiie continuous configuration described above, as shown schematically in Figure 3. 

Elechic contact to ttie conducting layere Is readily obtained by sputtering tiirough a series of 
appropriate masks. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention is based on the feet that modem thin film growth techniques on 
substrates are capable of controlled growth with monolayer resolution. Techniques such as 
5 molecular beam epitaxy (MBE) and other sputtering techniques have this capability. 

Monolayers typically have a thickness of 0.10-0.20nm. AppMnn m»Q.irs fha* chtey the 2.~s 
not to be grown allows for control of the shape of the area gfxjwn. The preferred embodiment 
of the device can be realized applying the aforementioned techniques. The device is 
constructed by growing alternate layers of electrically insulating and conducting materials. 
10 . The chosen materials should preferably have similar crystal constants. Othenwise it is difficult 
to obtain molecular resolution attlie Interface between the materials. Materials used should 
also be Inert with respect to oxidation, but can in principle be any organic or inorganic material 
• having the necessary properties of the conducting and Insulating layers. The device contains 
at least 2 layers of conducting material separated by insulating layera such that each is 
connected to a tunable electromagnetic force (EMF). The contacts to the conducting layers of 
the device are obtained by growing the structure through a set of appropriate masks. The 
EMF can be tuned by using muiti channel cominerclal digital analogue converters (DACs) that 
can be controlled with a microcomputer. The EMF may be time-dependent, which lends an 
additional dimension to the possible configurations of the trap, so as to make it as flexible as 
20 possible. 

In one embodiment of the device the grown structure is cleaved such that a surfece 
perpendicular to the growth direction is produced, revealing the altemately grown layere. Said 
surface embodies the active surfece of the device that interacts with tiie macromolecuies. The . 
25 active surface consists of narrow, approximately 0.1-10 nm ttifek essentially parallel 

electrodes separated by insulating layers, each of which is in the range of about 0.1-10 nm 
. tiiick. The overall dimensions of ttie suriace can be in the rangeof about 0.1-5 cm in widtti. 
such as 0.5-2 cm. and in tfie range of about 0.01^ cm in height, such as.0.1-1 cm. 

30 In anoUier embodiment, ttie device comprises a dense array of canisters which may be 

fornied by e.g. laser ablation, have a width in the range of about O.lnm -5mm. such as 0.5^m 
- Sum. or S]im - 50nm. or lOOfim - 1 mm. and peneti^ate one or more of tiie conducting and 
• insulating layers. In tills embodiment, the active suriace of tiie device consists of stacks of 
circular elecbtxies wittiln ttie Inner surfece of each canister, see Figure 6. 
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By tuning the EMFs. a wide range of eiecbioslatic profiles across tiie active surfece can be 
obtained. The EMFs may also optionally be time-dependent The elecfaxasfetic characteristics 
of many proteins and otiier macromolecuies are known or can be readily calculated based on 
tiie sequence and/or st^ctural date for any given macromolecule. Such data is for example- 
available from public databases for a lange number of peptides and proteins. Where dolled 
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structural data is not available the electrostatic characteristics may be approximated through 
theoretical models. KnoN/ving the electrostatic characteristics of-a given ^e of macromolecuie 
one can theoretically calculate the affinity of the specific macromolecuie to the binding site of 
the device for a given configuration of the EMFs. in this context, consider a sample containing 
5 a set of known proteins. Then one can optimize the configuration of the device such that the 
affinity is maximized for one type of protein while the affinity for the remaining types of 
proteins in the sample is low in the sense that the affinity to the active site of any given protein 
molecule is less than ksT. 

1 0 One aspect of the Invention is a method to isolate molecules from samples. After incubating 
the sample in contact with the device, the device Is cleansed using an appropriate medium, ' 
such as a washing solution If the sample is liquid, or an inert gas if the sample is gaseous, 
leaving only the molecules of interest bound to the active surface. The isolated molecules are . 
subsequently released Into a receiving medium by turning off the EMFs, or by adjusting the 

15 EMF such that a dipole moment is generated that repels the isolated molecules. This may be 
done repeatedly in order to collect the molecular species of interest from the sample. . 

Another aspect of the invention provides a method to determine the concentration of a 
specific molecule in a sample. The molecules that adhere to the active surface at any given 

20 tirhe electrically short the spatially separated detector electrodes. Thus cunnents are 

necessary in order to maintain the chosen electrostatic configuration. The cunent necessary 
to maintain the configuration is proportional to the number of molecules that adhere to the 
active surface. Using standard samples with known concentrations of the molecule, standard 
ounces are obtained that describe the rate at which the cunrent necessary to maintain the 

25 configuration changes as a function of the concentration of molecule in the sample. These ^ 
curves are subsequently used to determine the concentration of the molecule in unknown 
samples. 

As mentioned eariier, the conductivity of a bound macromolecuie is enhanced by irradiating 
30 the sample with light either at a.fixed frequency or a broad spectrum but at a fixed intensity 
and duration. The light excites local and extended electron states within the macromolecuie 
leaving open channels that enhance the conduction between the spatially separated detector 
electrodes through the macromolecuie. 

35 The photo-conductance through a specific type of macromolecuie as a function of frequency 
of the light is unique can be utilized, as Illustrated in Figure 4c. The said Information 
essentially reflects the density of electronic states within the macromolecuie that can be 
considered to represent a fingerprint of the macromolecuie. By mapping the photo- 
conductance curves for macromolecules in a sample with samples of known composition, 

40 information is obtained that allows for determination of the different types of molecules 
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attached to the active surfece of the device. With this Information photo-conductance cun/es 
reveal which types of macromolecules adhere simultaneously to the device as well as their 
relative concentration. Quantitative information about the concentration is obtained as well by 
. comparison to photo-conductance curves obtained for samples of known concentration.. 
5 . 

The invention can also provide the detection of molecules that have poor or poorly distinct 
photoconductance curves. This would typically be agents with few extended electronic states; 
consequently the states are local and tightly bound. In such cases the presence of the 
molecule adhering to the device is detected by mapping the hopping conductance through the 
1 0 molecule. The hopping conductance is induced by applying pulsed light at a unique frequency 
or othenvise to the active site of tiie.device and tiiereby the macromolecules adhering to tiie 
device. The concentration of the bound molecules Is assessed by comparing the hopping 
conductance to standard curves obtained by measuring the hopping conductance in samples . 
with known concentrations of a given macromolecule. 

15 

As mentioned above, the device can be configured to function as a catalytic site for chemical 
reactions between at least two macromolecules. e.g. compounds A and B. In ttiis 
configuration, one group of electrodes on the surface is tuned so as to optimize the affinity to - 
compound A, while an adjacent group of elecfa-odes is tuned such as to optimize the affinity to 
20 compound B. The device will tiius increase the probability of chemical reactions oocuning 
when placed in samples containing compounds A and B. by bringing the compounds into 
spatial proximity witti each other, and tiius increasing their effective concentration. The 
chemical reaction occurs with increased probability when the compounds are released from 
\he device into close proximity in tiie sunrounding medium. 

26 

In another aspect of the invention the device is used as a chromatographic matrix, in this 
embodiment, a microchannel is placed along \he active surface of the device or in such a 
manner that the channel repeatedly crosses the active surface of the device. The surface can 
tiien be tuned in a general manner such tiiat tiie active surface will have general afRhity to 

30 macromolecules. For example, one could choose a simple strong dipole moment that Is 
repeatedly turned on and off, so as to bind the macromolecules in a non-spedfic.but 
reversible manner to tiie device. The time frequency of the applied dipole will depend on 
various parameters, such as the drag or viscosity of tiie medium, the electrical field applied, 
the specific molecules of Interest being analyzed, as well as the size parameters of the 

.35 . microchannel, and temperature. Separation of different macromolecules occurs in tine device 
according to dipole moment as tiie sample Is pumped or by other means passes ttirough tiie 
micro channel since the delay will be proportional to the dipole moment of the molecule, as 
well as inversely proportional to the drag that the medium exerts on the molecule. In an 
embodiment where the sample Is pumped tiirough the microchannel, any mechanical pump ■ 

40 capable of pumping the sample in an effective manner through the microchannel can be 
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used. The concentration is detected along the microchannel and distal to the active surface, 
after the samt^le has passed through the device, by any conventional detection techniques, 
such as UV absorption, fluorescence, chemical potential, radioactivity, mass spectrometry, 
circular dichroism, or any other technique used to detect organic and/or inorganic molecules. 

5 

Figures 6 and 7 illustrate two possible embodiments of such chromatographic embodiment 
In the embodiment shown on Figure 6, a set of one or several, substantially parallel 
mlcrochannels 13 cross a plurality of serially connected superlattices 12, each containing 
alternating layers of Insulating 1 and conducting 2 material. The sample enters through an 
1 0 inlet 1 3 into the device, wherein separation occurs according to the specific dipoles of the 
molecules in the sample, as they pass through the electromagnetic field generated by the 
electrodes. Means of detecting said molecules may be set up as or after the sample passes 
through the outlet 15. 

15 An alternative embodiment showing the device of the invention being used for 

chromatography is illustrated by Figure 7. In this embodiment, the sample enters through the 
inlet 16 and is fed into individual mlcrochannels through a series of openings 18. The 
individual molecules 5 in the sample are retained according to their dipole moments as the 
pass through the microchannel 20, which is lined by the electrical rails formed by the 

20 alternating layers of insulating and conducting material 8. The mlcrochannels 20 can be 
configured in any manner suitable for the particular embodiment of the device. Thus, the 
mlcrochannels may be straight and substantially parallely oriented, as illustrated by the 
embodiment of Figure 7. Alternatively, the mlcrochannels may be shaped in any way suitable 
for optimising flow through the microchannel and effective separation of the molecules in the 

25 sample, such as in shape that once or repeatedly crosses the alternating layers of Insulating 
and conducting materials 8. 

The sample used in the aforementioned embodiments, or in any otiier embodiment of a 
device of the invention, may be liquid, gaseous, or semi-liquid in nature, such as a gel matrix, 

30 hydrogel or any other chemical carrier suitable for molecular analysis according to the 

invention. Each embodiment will be optimized to suit the particular use. Although the device 
is ideally suited for the analysis of macromolecules, any molecular species fulfilling the 
requirements of binding to the active surface and which can be detected by the 
aforementioned techniques can be analyzed by the invention. Gaseous samples, in 

35 particular, may be analyzed using the device in a configuration for receiving such samples. 
Thus, tiie device of the invention can be configured to act as an 'electrical nose', in which 
qualitative and quantitative analysis of the molecular composition of gaseous samples may be 
performed in a manner analogous to that illustrated by the embodiments described above. 
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Thus the device can be configured to suite the purpose of a range of analyses, and the 
exaniples shown above should only be seen as examples of possible embodiments of the 
invention, and, as such, not limiting for the range of applications possible within the scope of 
the invention. 
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CLAIMS 

1 . A device with tunable affinity for molecules, comprising: 

a. a substrate with a surface; 

b. a plurality of locally substantially parallel electrodes along said surface, 
wherein adjacent electrodes are separated by a distance In the range of 
about 0.1 nm to about 10 nm, such as about 0.3 hm to about 6 nm, each of 
said electrodes being connected to a tunable EMF source, such that a 
specific electrostatic environment perpendicular to said electrodes Is created, 
extending along the electrodes, and providing a continuous binding area for 
molecules In contact with the binding area; 

wherein by tuning the Independently, tunable EMF sources a specific affinity or 
repulsion is obtainable for molecules with specific electrostatic properties. 

2.. The device of claim 1 , wherein the surface is formed perpendicular along the growth 
direction of altemately grown layers of insulating and conducting material. 

3- The device of claim 1 , wherein said surface is formed by an anray of canisters 
penetrating at least one layer of alternating insulating and conducting material, in 
which the Inner surface of said canisters forms said surface. 

4. The device of claim 1 , wherein the molecule is a macromolecule. 

5. The device of claim 4, wherein the macromolecule is selected from the group 
consisting of polypeptides, proteins, and nucleic acids including DNA, and RNA. 

6. A method of isolating molecules based on their electrostatic properiiies, the method 
comprising: 

a. providing a substrate having a plurality of locally substantially parallel 
electrodes, each electrode being independently connected to a tunable EMF 
source; 

b. tuning said electrodes to individually selected potentials, thereby creating a 
specific electrostatic profile across the electrodes to generate a molecule- 
specific surface; 

c. contacting a medium comprising molecules with the substrate to allow 
binding of specific molecules having an affinity to said surface; 

d. separating the medium from the substrate so as to separate the molecules 
bound to the substrate from non-binding molecules in the medium; 



e. isolating said specific molecules by adjusting said EMF source to release by 
repulsion or by other means said molecules Into a receiving medium brought 
In contact with the substrate.. 

7. The method of claim 6, further comprising the step of repeatedly releasing specifically 
bound molecules from said substrate into a receiving medium and subsequently 
bringing said substrate in contact with the medium containing molecules, so as to 
effectively remove speclfc molecules flnom the medium. 

8. The method of claim 6, further comprising the step of detecting said binding 
molecules by observing the change In current through one or more of said electrodes. 

9. The method of claim 8, wherein quantitative assessment for said binding molecules Is 
obtained, by comparing the cunrent necessary to maintain the electrostatic 
configuration of the surface to the con-esponding cunrent obtained using samples with 
known concentration of molecules Identical to said binding molecules. 

10. The method of claim 6, further comprising the step of detecting said binding 
molecules by Irradiating the molecule with light and measure the conductivity of said 
molecules. 

11. The method of claim 9, further comprising the step of measuring the conductivity of 
said binding molecules as a function of frequency of the light, thus generating a 
photo-conductance curve of said molecule. 

12. The metod of claim 10, further comprising the step of quantitative detemilnatlon of 
said binding molecules, wherein photo-conductance curves for all macromolecular 
species present in the sample in samples of known concentration are mapped with 
the photo-conductance of said molecule in the sample. 

13. The method of claim 6, further comprising the step of detecting said binding 
molecules by in^dlaflng the molecule with pulsed light and measure the hopping 
conductance of said molecules. 



14. The method of claim 13, further comprising the step of quantitative detenninatlon of 
said binding molecules, wherein the hopping conductance for the molecules is 
compared to the hopping conductance of said molecules In a sample of known 
concentration. 



16. A method of catalyzing chemical reactions between molecules comprising: 
a providing a substrate having a plurality of locally substantially parallel 
electrodes, each electrode Independently connected to a tunable EMF 
source; 

b. tuning said electrodes to individually selected potentials, thereby creating a 
specific surface; 

c. contacting a medium comprising molecules with the substrate to allow 
binding of molecules specific for the chemical reaction and having an affinity 
to said surface; 

d. release of said molecules by adjustment of said EMF source Into close 
special proximity of said surface; 

e. chemical reaction between said molecules accelerated by the Increase In 
local concentration of said molecules. 

16. The method of claim 15, further comprising the step of adjusting the EMF in 
substantially parallel electrodes in an adjacent fashion, so as to generate adjacent 
specific binding sites for molecules specific for the chemical iBaction. 

17. A method of separating molecules, comprising: 

a. providing a substrate having a plurality of locally substantially parallel 
electrodes, each electrode being Independently connected to a tunable EMF 
source; 

b. tuning said electrodes so as to generate a non-specific electrostatic profile 
across the electrodes, thus generating a non-specific macromolecular 
surface; 

c. placement of a micro-channel along said surtece; 

d. allowing a medium comprising molecules to pass through the micfx>-channel, 
thereby allowing separation of molecules according to their dipole moment 

18. The method of claim 17. wherein the tunable EMF Is applied in a cyclic manner so as 
to generate a time-dependent non-specific macromolecular surface, thus allowing 

. reversible non-specific binding to the surface 

19. The method of claim 17, further comprising the step of detecUng said molecules by 
applying a detection technique along said micro-channel disfal to said suriace, said 
technique being selected from tiie group consisting of UV spectrophotometry, circular 
dichroism, fluorescence spectrophotometry, mass spectrqmetry, chemical potential, 

' radioactivity. 
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20. The method of any of claims 6-19, wherein the molecuie is a macromolecule. 

21. The method of claim 20. wherein the macromolecule is selected from the group 

• consisting of polypeptides, protelns,and nucleic acids including DMA, and RNA. 

22. A method of producing a' device according to niaim 1 nnmnrising : 

a. growing a superlattice structure of alternate layers of electrically insulating 
and conducting materials; 

b. cleaving or polishing the superlattice structure to obtain a surface essentially 
perpendicular to the growth direction of the superlattice structure; 

c. connecting two or more of the conducting layers individually to tunable EMF * 
sources, to obtain substantially parallel electrodes extending along said 
surface, which electrodes are individually or collectively tunable to a desired . 
potential. 

23. The method of claim 22, further comprising the step of forming an an^y of canisters 
penetrating at least one of said-alternate layers of electrically insulating and conducting 
material. 
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ABSTRACT 

A device is provided with tunable affinity for molecules such as in particular 
macromlecues Including proteins and peptides. The device comprises a substrate with a 
5 surfece; a plurality of locally substantially parallel electrodes along said surface, wherein 

adjacent electrodes are separated bv a distancR in thn 

|jm, such as about 0.3 nm to about 10 nm, where each of said electrodes Is connected to 
a tunable EMF source, such that a specific electrostatic environment perpendicular to 
said electrodes Is created, extending along the electrodes, and providing a continuous 
10 binding area for molecules In contact with the binding area. By tuning the independently 

tunable EMF sources a specific affinity or repulsion is obtainable for molecules with 
specific electrostatic properties. 

Also provided are methods for separating and isolating molecules with a device such as is 
disclosed herein. 

15 



20 



Fig.1 
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